Abstract: ZnO thin film was fabricated on tin-doped indium oxide electrode as an electron selective layer of inverted polymer solar cells using magnetron sputtering deposition. Ionic liquid-functionalized carbon nanoparticles (ILCNs) film was further deposited onto ZnO surfaces by drop-casting ILCNs solution to improve interface properties. The power conversion efficiency (PCE) of inverted polymer solar cells (PSCs) with only ZnO layer was quickly decreased from 2.7% to 2.2% when the thickness of ZnO layer was increased from 15 nm to 60 nm. However, the average PCE of inverted PSCs with ZnO layer modified with ILCNs only decreased from 3.5% to 3.4%, which is comparable to that of traditional PSCs with poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) anode buffer layer. The results suggested that the contact barrier between ZnO layer and poly(3-hexylthiophene) and phenyl-C61-butyric acid methylester (P3HT:PCBM) blended film compared to ZnO bulk resistance can more significantly influence the performance of inverted PSCs with sputtered ZnO layer. The vanishment of negative capacitive behavior of inverted PSCs with ILCNs modified ZnO layer indicated ILCNs can greatly decrease the contact barrier of ZnO/P3HT:PCBM interface.
Introduction
Polymer solar cells (PSCs) have been attracting considerable attention due to its mechanical flexibility, low cost fabrication and light weight [1, 2] . PSCs have been quickly developed in the past several years. Power conversion efficiency (PCE) of more than 6% ∼10% has been reported for both conventional and inverted PSC structures [3] [4] [5] [6] . In conventional PSCs, the photoactive layer is sandwiched with poly (3,4- ethylenedioxythiophene)/poly(styrenesulfonate) (PE-DOT:PSS) and low work function metal (such as Al and Ca/Ag) as an anode contact layer and cathode, respectively. However, PEDOT:PSS layer is detrimental to ITO anode due to its acidic property, resulting in reducing device lifetime [7, 8] . The inverted PSCs can effectively overcome shortage of traditional PSCs by selection and optimization of n-type and p-type materials as electron and hole selective layers, respectively.
ZnO as an electron selective material has received much attention due to its high electron mobility and good optical transparency. However, the electrical properties of ZnO films are strongly depended on its synthetic method and fabrication process. The sol-gel derived ZnO layer need usually be annealed under high temperature to decompose of zinc acetate precursor and increase the carrier mobility, which inhibits its application in plastic substrates [9] . Recently, PSCs based on solution-processed ZnO nanoparticles have been developed without high temperature treatment [10, 11] . However, synthetic ZnO nanoparticle size and thickness of ZnO electron selective layer need precisely be controlled to gain high performance of PSCs. Magnetron sputtering deposition technique is mature and used widely in industry due to easily precisely controlling film composition and thickness, strong operability and batch production. Recently, ZnO electron selective layers in PSCs have been studied with magnetron sputtering deposition [12, 13] . Developing ZnO as electron selective layer using magnetron sputtering deposition is compatible with present commercial tin-doped indium oxide (ITO) and aluminium-doped zinc oxide (AZO) transparent conducting films, which can simplify procedure and control cost of PSCs [14, 15] . However, the performance of PSCs is closely related to ZnO sputtering condition, thickness and annealing temperature. In this paper, ZnO electron selective layer was deposited onto ITO-coated glass by magnetron sputtering technique without adding substrate temperature. Ionic liquid-functionalized carbon nanoparticles (ILCNs) film was further deposited onto ZnO surface to modify interface potential between ZnO and photoactive layers. The range of sputtering condition and thickness of ZnO layer were significantly extended for PSCs after modified with ILCNs film.
Experimental procedure
ZnO electron selective layer was deposited onto ITO coated glass substrate by magnetron sputtering without substrate temperature, using a ZnO target of 99.99% purity. All samples were deposited with RF power 50 W and sputtering pressure 0.3 Pa under a base pressure of 2 × 10 −3 Pa. The total sputtering Ar gas flow was 20 sccm. ILCNs were synthesized by the electrochemical exfoliation of graphite electrode in 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF 4 ]) and water mixture (40:60) [16] . The ILCNs synthetic process and its properties have been reported [16] [17] [18] . The size of ILCNs is below 4 nm by transmission electron microscopy images. The ILCNs film was spin-coated onto ZnO surface with estimated thickness of 1-3 nm. The solution of P3HT:PCBM (1:0.8) in dichlorobenzene was spin-coated onto electron selective layer to form 200 nm thick film. Finally, the 14 nm MoO 3 and 150 nm Al electrode were thermally evaporated onto P3HT:PCBM blend film to form an anode under a background pressure of 2.5 × 10 −6 Torr. The active area of device was 0.1 cm 2 . Current-voltage (C − V ) curves were measured under AM1.5G illumination intensity of 100 mW/cm 2 using a Newport solar simulator system.
Results and discussion
The light absorption range of P3HT:PCBM film is primarily from 400 nm to 600 nm. The optical transmittance spectra of different thick ZnO film on ITO coated glass substrate are shown in Fig. 1 . The average optical transmittance (79.2%) of ZnO/ITO coated glass in the range from 400 nm to 600 nm is below 3.3% than that of pure ITO coated glass (82.5%). Accordingly, about 80.7% average transmittance of ILCNs-modified ZnO surface means that ILCNs films have good transparency, as previous report of ILCNs modified ITO glass [17] . Furthermore, only 1.5% transmittance difference indicates that the optical absorption difference of PSCs with ZnO electron selective layer can be excluded to explain the performance of PSCs. Impedance spectroscopy is a powerful technique to derive insights into the interfacial properties and the charge carrier dynamics of PSCs [20] . The different interface barrier between ZnO layer and the active layer is expected to affect carrier accumulation and transportation, resulting in differences in the device capacitance. Figure 4 shows the impedance spectra of PSCs with 30 nm ZnO layer modified with/without ILCNs in the dark. The impedance plots of Fig. 4(a) exhibits an arc in the fourth quadrant at the low frequency range at the voltage of 0.5 V and 0.6 V, indicating the negative capacitance exists in PSCs without ILCNs modified ZnO layer. After modified with ILCNs, the -Im(Z) values are always positive at any voltages and frequencies, as shown in Fig. 4(b) . Garcia-Belmonte et al reported that the negative capacitive behavior would be appeared due to the Schottky contact at P3HT:PCBM/Al [20] . The massive electrons were accumulated in the vicinity of cathode due to high interface barrier under moderate forward bias, which can result in the negative capacitive behavior. The negative capacitive behavior of P3HT:PCBM/Al disappeared after ILCNs modified with Al cathode was further reported by Chen et al. [18] , indicating low interface barrier or ohmic contacts at the cathode. Similarly, the negative capacitive behavior in PSCs of ZnO layer without ILCNs may be attributed to the electron accumulation at the interface of ZnO/P3HT:PCBM due to high contact barrier. Subsequent experiments show that with increasing ZnO sputtering thickness, negative capacitive behavior becomes more obvious and the radius of circle in fourth quadrant become larger. The ILCNs modified 60 nm layer can still eliminate negative capacitive phenomenon. Although further experiments showed that optimized sputtering condition, for example adding O 2 gas flow at certain ratio can also eliminate the negative capacitive behavior at 30 nm layer, not applicable for 60 nm. This indicates that the employment of ILCNs can enlarge the selective layer thickness and reduced the preparation requirement. This is important for industry to increase product rate and decrease product cost.
To further explain the effect of ILCNs modified ZnO layer on decreasing contact barrier, the surface morphologies were measured by atomic force microscopy (AFM). Figure 5 shows AFM surface morphologies of ZnO films. The root-mean-square (RMS) roughness of 15 nm, 30 nm and 60 nm ZnO films are 2.12 nm, 2.67 nm and 4.45 nm, respectively. After ILCNs modified 60 nm ZnO film, RMS roughness of ZnO films is decreased from 4.45 nm to 1.89 nm. The rougher surface can result in deteriorated films and easily form pinholes in the photoactive layer. The higher reverse saturation current for PSCs with 60 nm ZnO layer compared to thinner ZnO layer and ILCNs modified ZnO layer is consistent with this observation. In addition, the sp 2 bonded aromatic structure of carbon nano-particles can provide low tunneling barrier height at the interfacial contact. The ions of ILCNs can form electric double layer at the interface between the active layer and ILCNs, which is helpful to reducing electron injection/extraction barrier [18] . The greatly lower work function of ILCNs modified ITO (3.8 eV) compared to bare ITO (4.4 eV) reported further supports this prediction [17] .
Conclusions
In summary, the ILCNs modified ZnO layer was successfully applied to improve the ZnO/P3HT contact quality and gained good PSCs performance. The average PCE of PSCs with ILCNs modified ZnO layer thickness ranging from 15 nm to 60 nm is almost comparable to that of traditional PSCs with PEDOT:PSS anode buffer layer. Through adding ILCNs, the selective layer ZnO thickness was enlarged and reduced the interface contact barrier. The PCE of inverted PSCs based on ZnO electron selective layer deposited with magnetron sputtering method is more sensitive to the surface characteristic of ZnO films than ZnO layer thickness. ILCNs can avoid the impact on device performance caused by increasing sputtered ZnO thickness. In the mean time, the good performance of inverted PSCs achieved by ILCNs modified different thick ZnO layer also indicates that magnetron sputtering deposition is an easily controlling method to fabricate ZnO layer as a good electron selective layer.
